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About Atomic Layer Deposition (ALD)

= Atomic Layer Deposition (ALD) is used to deposit thin films with special qualities.

= The principle of ALD is based on sequential pulsing of chemical precursor vapors,
both of which form about one atomic layer each pulse. This generates pinhole free
coatings that are extremely uniform in thickness, even deep inside pores, trenches

and cavities.

100 nm Al,O, coating on Si wafer.
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Cambridge NanoTech Inc. ALD systems
=Hl ]

The Cambridge NanoTech Inc. Atomic layer deposition systems are
controlled with a convenient Labview-PC-USB interface.

They are hot wall ALD systems with cross flow travelling wave precursor deposition.
Nitrogen carrier gas is used for high speed pulse-purge cycles.

Prior to deposition, a substrate is inserted into the ALD reactor,
and is heated usually between 50-400°C
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ALD example cycle for Al,O deposition

Tri-methyl Methyl group
aluminum (CHy)

Hydroxyl (OH)
from surface
adsorbed H,0

Substrate surface (e.g. Si)

In air H,O vapor is adsorbed on most surfaces, forming a hydroxyl group.
With silicon this forms: Si-O-H (,

After placing the substrate in the reactor, Trimethyl Aluminum (TMA)
Is pulsed into the reaction chamber.
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ALD cycle for Al,O,

Methane reaction

product CH, o

Reaction of
TMA with OH

Substrate surface (e.g. Si)

Trimethyl Aluminum (TMA) reacts with the adsorbed hydroxyl groups,
producing methane as the reaction product
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ALD cycle for Al,O,

Methane reaction
product CH,
. V'

Substrate surface (e.g. Si)

Trimethyl Aluminum (TMA) reacts with the adsorbed hydroxyl groups,
until the surface is passivated. TMA does not react with itself, terminating the
reaction to one layer. This causes the perfect uniformity of ALD.

The excess TMA is pumped away with the methane reaction product.
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ALD cycle for Al,O,

After the TMA and methane reaction product is pumped away,
water vapor (H,0) is pulsed into the reaction chamber.
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ALD cycle for Al,O,

Methane reaction product

New hydroxyl group

Methane reaction
product

H,O reacts with the dangling methyl groups on the new surface forming aluminum-
oxygen (Al-O) bridges and hydroxyl surface groups, waiting for a new TMA pulse.
Again metane is the reaction product.

2 H,O (g + :Si-O-AI(CH3), y— :Si-O-AI(OH), , + 2 CH,
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ALD cycle for Al,O,

The reaction product methane is pumped away. Excess H,O vapor does not react with
the hydroxyl surface groups, again causing perfect passivation to one atomic layer.
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ALD cycle for Al,O,

One TMA and one H,O vapor pulse form one cycle. Here three cycles are shown, with
approximately 1 Angstrom per cycle. Each cycle including pulsing and pumping takes e.g. 3 sec.

Two reaction steps in each cycle:
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ALD cycle for Al,O,

The saturative chemisorption of each layer and its subsequent monolayer
passivation in each cycle, allows excellent uniformity into high aspect ratio 3D structures,
such as DRAM trenches, MEMS devices, around particles etc.
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Animation of the ALD process!
see our website

http://www.cambridgenanotech.com/animation
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ALD Deposition advantages

Alternating reactant exposure creates unique properties of deposited coatings:

» Digital thickness control to atomic level.

= 3D conformality (100% step coverage).

» Large area uniformity.

» Easy batch scalability (small material sources and substrate stacking).
* Pinhole free films, even over very large areas.

» Excellent repeatability (wide process window).

» Low defect density.

Excellent adhesion due to chemical bonds at the first layer.

» Nanolaminates and mixed oxides possible.

Gentle deposition process for sensitive substrates, no plasma.

* Low temperature deposition possible (RT-400C).

= Atomically flat and smooth, copies shape of substrate perfectly.

» Low stress because of molecular self assembly.

* 100% dense guarantee ideal material properties (n, E, 4, Kk, etc).

» Relatively insensitive to dust.

» Oxides, nitrides, metals, semiconductors possible (standard recipes).
= Amorphous or crystalline depending on substrate and temperature.

» Coats on everything, even on teflon.

» Higher yields

- Not all materials possible yet
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Thin film deposition methods compared

Method ALD MBE CVD | Sputter | Evapor | PLD
Thickness Uniformity good good | good

Film Density good | good | good | good | poor | good
Step Coverage good | poor | varies | poor | poor | poor
Interface Quality good! | good | varies | peer | good | varies
Number of Materials good | poor | good | fair | poor
Low Temp. Deposition [“geod | geod | varies | good | good | good

Deposition Rate poor | good | good | good! [ good

Industrial Applicability good good | goodl | good | poor

ALD = atomic layer deposition, MBE = molecular beam epitaxy.
CVD = chemical vapor deposition, PLD = pulsed laser deposition.
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irich.com

Sigma Aldrich is our
exclusive partner for
precursor chemicals and
supplies this list of ALD
precursors, preloaded

in Cambridge NanoTech
cylinders, ready to mount to
our ALD systems. Simply
order online!

Cambridge Nanotech
provides recipes to grow
many of these materials.

Material Product Material Product
Deposited Name Page Deposited Name Page
ALOs, Al, AN, AlP Alum@num se_'c-butr_;:xide 2 Mi, NiC Bis(methylcyclopentadienylinickel(|l) 9
AIAS,_LaAIDg, Alum!num tr!brr;:m_|de b P doping, InP Phosphine 10
Alurminates Aluminum trichloride &) GaP Phosphine-ds 10
Diethylaluminum ethoxide 2 tert-Butylphosphine g
Tr!sqeth}rllﬂet_ln.flamldo_nalummum E Tris(trimethylsilyl)phosphine 8
Trigthylaluminum 2 . — —— - — 9
Triisobutylaluminum 2 Pt, PtO; Cyclopentadienyl(trimethyl)platnium(lV) c
Chemfiles Trimethylaluminum 2 Ru, RuQ; Bis(ethylcyclopentadienyljrutheniumill) 9
Tr!sft_dlethg.flamldo}a!unjllulm_ Z Sb Source Trimethylantimany 8
Tris{ethylmethylamido)aluminurm 2 Tris(dimethylamido)antimony P
AlAs, GaAs, InAs _ Trimethylarsine 8 Si0/SisNy/SiC 2,4,6,8-Tetramethylcyclotetrasiloxane 4
MgBz, EN, B, Diborane (10% in Hydrogen) 0 Dimethoxydimethylsilane 4
ByC, B2Os Diborane-dg (10% in Dy or He) 10 Disilane 10
B doping Trirnethylboron 10 Methylsilane 10
Trirnethylboron-dg 9] Octamethyloyclotetrasiloxane 4
Co, Col, CoSis Bis(N,N'-Diisopropylacetamidinatc)cobaltll) 4 E!Iane 10
Dicarbonyl{cyclopentadienyljcobalt(l) 9 -'!a[_‘e'd4 L 10
p e — ; Tris(isopropoxy)silanc 4
Cu, YBaCuQ,, CuQ (N,N-Diiscpropylacetamidinato)copper(l) 4 Tris(tert-butoxy)silanal 4
Fe, FeD Bis(N,N'-di-tert-butylacetarnidinatojironill) 4 Tris(tert-pentoxy)silanol 4
Ga;03, Ga, Gallium tribromide & TazOgTaM Pentakis{dimethylamido)tantalumiV) 9
GaM, GaP Gads Gallium trichloride (bead or slug) & Tantalumi{V) chloride 5
Triethylgallium 7 Tantalumi{V) ethoxide 9
Triisopropylgallium 7 Tris(diethylaminc){tert-butylimido)-
Trirnethylgalliurn 7 tantalurniV') ]
Tris(dimethylamido)gallium L TINTIO; Bis(diethylamido)bis{dimethylamido)-
Tri-tert-butylgallium 7 titanium(IV) 3
Ge, Gels;, Ge5i Digermane (10% in Ha) 10 Tetrakis(diethylamidotitaniumily) 3
Germane 10 Tetrakis(dimethylamidojtitanium(lv) 3
Tetramethylgermanium 10 Tetrakis(ethylrmethylamidojtitaniurn(V) 3
HfO3, HfsNq Hafnium(IV) chloride 6 W o E o s e
Hafnium(IV) tert-butoxide 2 T!ta”!“'“'-,"; Ehlonde . 6
Tetrakis{diethylamido)hafnium{Iv) 2 Ll G e )
Tetrakis{dimethylamidao)hafniumilV) 2 V20¢g WVanadium(V) oxytriisopropoxide 9
[EiSkisEtyimetiyEmidoiaiim{l) 2 W, WOz, W03, Bis(tert-butylimido)bis(dimethylarido)-
Inz03, InM, InB InAs Indium trichloride 6 WC tungsten(Vl) 9
In containing Indiumil} iodide (Anhydrous beads) 6 Tungsten hexacarbonyl ]
Salar Cells Indium acetylacetonate 7 TungsteniVl) chloride B
Indium Tin Oxide Triethylindium 7 TungsteniVl) fluoride B
L2303, LaAlOs Tris{M ,N'-Di-tert- Y503, YBaCuOx Tris(M,M-bisitrimethylsilyllamide)yttrium () - 9
butylacetarnidinatolanthanurmilily 4 Yitriumilll) butoxide solution 0.5M
Mg dopant in IV Bis{pentanethylcyclopentadienyl)magnesium 9 i n mlL_'E'”E 9
MaSz, MoCz, Mo Malybdenum hexacarbonyl 3 Zn0 Diethylzinc 9
Malybdermum(V) chloride 5] raMy, Zr02 Tetrakis(diethylamidojzirconiumilV) 3
Molybdenum(Vl) fluoride 6 Tetrakis(dirmethylamido)zirconiurm(lV) 3
ot pr— e Lo
GaN, InGaN, N,N-dimethylhydrazine 8 gg.trakl_sl.etlr?ﬁn;etlu !znwldo}zwcmnlumll Vi) é
AlGaM, Sighl Ammonia 2 irooniumi, V) bromide
e Azidotrimethvisilane 8 Zirconium({IV) chloride ]
s ZirconiumiIV) tert-butoxide 3
M, Oc Miokium(\V) chloride [
0

Mickiumi\) ethoxide




Our ALD products
see also:

http://www.cambridgenanotech.com/Products/products.php
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Savannah 100 & 200 ALD

= Travelling wave cross flow reactor

» Affordable for research labs

» Expandable (ozone, plasma, analytical systems)
= Small footprint (19 x 22 inches)

Savannah 100 & 200 Technical specifications

Substrate Size up to 200 mm

Substrate Temperature 25°C — 500°C; =+0.2°C
Precursor Sources Up to 6, heated.
Deposition Uniformity <+1%

Footprint 550 x 550 mm

High speed/ultra high
aspect ratio

Deposition
Control Labview-USB-PC

Vacuum Pump Integrated

Compatibility Cleanroom Class 100
Cabinet Removable panels

Power 115Vac or 220Vac, 900W.

Optional Domed lid for batches

Optional Any substrate size

Optional Full custom design

www.cambridgenanotech.com 17




CNT Customer testimonials:

From Old Dominion University, Prof. Baumgart:

One of my students " Kanda Tapily " enjoyed numerous helpful
contacts with you and appreciates your valued technical advise
on whatever issues and questions did arise during his work. The
Cambridge Nanotech ALD system works really fine and we are
very happy about the tool. This ALD tool can be easily managed
by graduate students in a university environment and works like

a charm.

Professor Goldhaber-Gordon from Stanford University wrote:

producing conformal,
high-breakdown aluminum oxide on a variety of substrates
(we'll soon try depositing other materials). Cambridge Nanotech
support is great -- they always respond to technical questions
very fast and give useful suggestions.

Email received from Prof. Marek Godlewski PAS Poland:

We are very happy with the new ALD system SAVANNAH 100, which we
bought from Cambridge NanoTech Inc. We have grown more than 100

From a customer who asked their startup company is not mentioned:

"Cambridge NanoTech has been most excellent to provide expertise and
starting points for developing processes to push our technology to the next

level. Their customer support is excellent. We've been using
the Savannah system to grow films from the first day it was
installed."

Email received from customer Dr. Thomas W. Scharf:

"UNT is using the Cambridge NanoTech ALD system to deposit solid lubricant and
nanocrystalline lubricous oxides for moving mechanical assembly (MMA) applications,
such as fully assembled, miniature steel rolling element bearings and silicon MEMS.

UNT is very happy with the system, technical support, ALD expertise
and timeliness in responses from Cambridge NanoTech."

From Marcello Zucca, Laboratorio di Chimica per le Tecnologie Universita di Brescia,
Italy

ALD system of Cambridge Nanotech is a perfect instrument to deposit nanometric
films of metal oxides. The instrument is very reliable and thanks to interface it's very

samples within the first 5 months after the purChase of this ALD easy to use. We are able to deposit without problems titanium and zinc oxide and
system and the system worked perfectly. Presently we work on thin soon other oxides. We have obtained great results also thanks to the constant support
films of ZnO and ZnMnO, the first material for new electronics applications, the of cambridge Nanotech. The customer assistance has always been helpful, fast and
latter material for spintronics applications. It turned out to be very crucial to grow kind.

ZnO and ZnMnO at very low temperatures. In the case of ZnMnO we could
avoid so-called spinodal decomposition and also accumulation of foreign Mn
oxide phases. The obtained material was very homogeneous showing

preferential magnetic properties.
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Applications: High-k dielectrics for CMOS

Source /"f channel

= Smaller transistors => short channel effect
= Need stronger electrostatic coupling of gate =>
= Thinner gate dielectrics but

Silicon = SiO, tunneling current =>
subsrate
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Choice of high-k dielectric material
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*  High enough dielectric constant k

- Stable - no reaction with Si
«  Oxides with high heat of formation
*  Preferred - HfO,, Zr, Y, La, Al

- Stable up to 1050°C
*  Low diffusion, amorphous
HfSIO:N
«  Wide band gap for low leakage
*  Good interface, low impurities, traps
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Applications: Semiconductor memory

3D DRAM needs conformal coating

of high-k dielectric and metal electrode High aspect ratio ALD
of Ta205 in vias of
170 nm dia, 7 microns

= C=kA/d: A|203, ZrOZ, T8205 deep
= DRAM crown
= DRAM trench

Top electrode

Dielectri

100 nm

Hausmann et al.

Thin Solid films 2003.
www.cambridgenanotech.com 21




Applications: Gate dielectrics on non-Si devices

__Ti/Aucontacts ___

(a) Schematic of finger gated devices. Mo gates (150

nm wide 10 nm thick) were defined lithographically on a Si/
SiO2 substrate and subsequently coated with 25 nm of HfO2
grown by low-temperature ALD. Nanotubes were grown across
these local gates by CVD and contacted with Ti/Au electrodes.
Not to scale.

(b) Atomic force micrograph of nanotubes grown across Mo
finger gates and contacted (far left and far right) by Ti/Au leads.
Note that one finger gate passes directly underneath the
nanotube-metal contact. Arrows indicate the location of the
nanotube. Finger gates are labeled as in the text.

Local gating of carbon nanotubes, Biercuk, Nano Letters 2003
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Applications: ALD liftoff

Low-temperature atomic-layer-deposition lift-off method for microelectronic and nanoelectronic applications, Biercuk, APL 2003.

BLE 1. Properties of several high-x materials grown using the same
temperature ALD process as used for lift-o

breakdown field. Eqp

L2

Zr0, 100
30

1 UI 2 100

. patterned by electron-
raphy. Device cnitical dimensions —80 nm as measured usmg
the SEM. Inset: region of the device showing smallest features.
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Applications: Gate dielectrics on non-Si devices

Undoped high mobility two-dimen
heterostructure field-effect transistors with atomic-layer-depos

T.M. Lu,'* D.R. Luhms

AuBe
ohmic
contact
(source)
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Applications: Gate dielectrics on non-Si devices

APPLIED PHYSICS LETTERS 89, 162505 (2006)

Electric-field control of ferromagnetism in (Ga,Mn)As
Chiba, F. Matsukura, and H. Ohno®

ields £ in a ferromagnetic semiconductor
structure with an Al( te insulator is utilized. Application of E=+5 (
(increases) T of the ayer. uo. :
ow T'c. The mechanism of the modulation of pyH,. by E is discussed 06 American Institute
hysics. [DOT: 10.1063/1.2362971]

also decreases (increases) with increasing ( asing) E

tipH (mT)
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Applications: ALD lift-off technology

FIG. 3. SEM mmage of 15-nm-thick HfO, on S1/5 . patterned by electron-
beam lithography. Device critical dimensions 0 nm as measured using
the SEM. Inset: region of the device showing smallest features.

Cambridge NanoTech co-authored publication,
Applied Physics Letters 2003.

ABLE I Properties of several high-x materials grown using the same
-temperature ALD process as used for lift-c easured at 20 K and

room temperature (I,,) j s "&p 15 breakdown

voltage, & 1s film ¢

brea m, Ogp=

Material

Al

100
30
100

www.cambridgenanotech.com 26




WN metal barrier for Cu interconnects

» Prevents Cu diffusion into silicon

e Refractory nature

e Amorphous

e Acts as an adhesion promotor for Cu and Co

Cambridge NanoTech co-authored publication

ALD Tungsten nitride (WN)

FA 10.0kV 11.6mm x200k SE(U)
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Applications: Porous structures

Atomic Layer Deposition in Porous Alumina (Top view)

Cambridge NanoTech Client: K. Nielsch,
Max Planck Germany

. ; o |
MPI SEI 10.8kV x85,000 10@rm WD Smm

K. Nielsch, Max Planck Institute, 2004
Before deposition

www.cambridgenanotech.com 28




2005 © All rights reserved
Cambridge NanoTech Inc.

Applications: Porous structures

Atomic Layer Deposition in Porous Alumina (Bottom view)

Cambridge NanoTech Client: K. Nielsch,
Max Planck Germany

MPI SEI 10.8kV x85,000 108nm WD Smm

Before deposition
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Porous structures

Applications

-TiO,

TiO,-ALO,

coaxial nanotubes grown with ALD inside porous alumina.
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Applications: ferromagnets

Nickel nanotubes grown in porous alumina, then alumina etched away

—&— 150 cycles
—&— 300 cycles
—o— 500 cycles

-3000 -2000 -1000 0 1000 2000 3000
Applied field (Oe)

K. Nielsch, Max Planck Institute, 2006
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Applications: Nanotube formation

DIETRICH HESSE, MARGT AND U LE

Nature Materials 2007 Published online:
2 July 2006; doi:10.1038/nmat1673

3 A0, Spinel nanotube

50 nm
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Play-LD: coating of virus

Deposition of Al,O; inside and around tubular shaped tobacco mozaic
virus length 300 nm, OD 18 nm, ID 4 nm. Grown < 80C

10 nm
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Play-LD: butterfly PC waveguide

Controlled Replication of Butterfly
Wings for Achieving Tunable Photonic NANO

Properties LETTERS
Jingyun Huang,'#$ Xudong Wang,"¢ and Zhong Lin Wang*t 2006
Vol. 6, No. 10
2325—2331

Morpho Peleides butterfly Wing photonic lattice
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Play-LD: butterfly PC waveguide

(d)n % ..“.'.._ - - - - -
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Reflectance (a.u.)

450

Reflected
light

Alumina replicated
butterfly wing

550 nm

Alumina coated
butterfly wing
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550 650 750
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Applications: Anti-reflection coatings

ALD good for AR coatings: large area precision thickness control and batch coating.

=> Graded index coatings posssible by varying the number of AI203/TiO2 low n/high n
layers inside a nanolaminate stack

——AR

Na,o, :Nrio, = 5:h

ﬁ 2.4 A0y - VTiO, 5

rowth temperature (200°C) " O Pure Al,04 and TiO,
a0, =11(Acycle) == b

Ong, =0.39( Alcycle)

=
)
2
LE
| =
o
=
Q
o
=
-]
o«

Film thickness

Linear model

Refractive index

Lorentz-Lorenz model

b m o — — ]
Mo, Mz, Bno, Nao,Mno, Mase, Nmo, Naso, Substrate

Number of cycles
400 500 600 700 800

Wavelength (nm)

1. Film

with and without
Al,03-TiO,

Zaitsu et al. Applied Phyics Letters, 80, 2442, 2002
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Applications: Transparent conductors

Characteristics of Organic Light Emitting Diodes
ALD-ZnO transparent conductors advantages:

with Al-Doped ZnO Anode Deposited by Atomic Layer Deposition

Sang-Hee Ko PARK", Jeong-Ik LEE, Chi-Sun HWANG and Hye Yong CHU

» No costly indium as in ITO

» Good optical transmission

= Low resistivity (1 mOhmcm)

» Large area uniformity

= Very smooth films in contrast to ITO

Transmittance (%)

400 500 600

wavelength (nm)

ansmittance spectra of ZnO:Al films (film A: ZnO surface; film
surface) and ITO film on a glass substrate.
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Applications: humidity barriers

Water vapor transmission rate of 25 nm ALD AI203 better than 1 mm polymer encapsulation!

WVTR <10-5 g/m? day demonstrated

PEN
Barrier film
epoxy
Ca
Glass substrate

0 hours

Applied Physics Letters, 89, 031915 2006
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For more applications see:

http://www.cambridgenanotech.com/ALD-applications.php
and

http://www.cambridgenanotech.com/clientmap/clientpapers.php
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Our website

www.cambridgenanotech.com
Lots of information

= More ALD applications

= Customer ALD network

= Tutorial, animation

= ALD literature search page
» Product information

= Contact information
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